We reported on the fabrication of microchannels in the interior of silicon wafers using a femtosecond laser of 800 nm wavelength, which was in the absorption region of silicon. The scanning electron micrographs showed that microchannels were induced inside the silicon wafer when the femtosecond laser beam was focused inside the wafer. The aspect ratio of the microchannel cross section decreased with the increase in scan velocity of the laser. The formation of the photoinduced microchannels probably resulted from the microexplosions due to both the linear absorption and avalanche ionization. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2969401͔
The interaction of ultrashort lasers with silicon has attracted considerable attention due to its potential use in microelectromechanism system devices and silicon-based optoelectronic devices. The microstructure formed on the silicon surface under the irradiation of femtosecond lasers has been widely studied in vacuum, water, and gases. Femtosecond laser ablation of silicon targets in vacuum has been shown to be a viable route to the generation and deposition of nanoparticles. 1 In the presence of SF 6 , the femtosecond laser induced conical spikes on the silicon surface.
2 Photodetectors fabricated with such silicon exhibit enhanced nearinfrared response. 3 The microfabrication on silicon surfaces in air by femtosecond laser pulses can improve the silicon's light emission efficiency. 4 In addition, the submicrometer silicon spikes were induced in water. 5 The microfabrication using femtosecond lasers has been performed on surfaces and in the interior of glasses, [6] [7] [8] [9] [10] [11] polymers, [12] [13] [14] and hybrid inorganic-organic materials. 15 However, the majority of studies on the microfabrication of silicon using femtosecond lasers are conducted on the silicon surface. It is probably because that silicon is opaque to the 800 nm laser light provided by most femtosecond laser amplifiers, or the microstructures formed inside silicon could not be easily observed as that inside transparent materials. Recently, Nejadmalayeri et al. demonstrated the buried waveguide induced in silicon by a femtosecond laser at 2.4 m. 16 This work extends the ultrafast three-dimensional modification technique to silicon. It is expected that the microstructures formed inside silicon can potentially be used in the silicon-based photonic crystals, optical waveguides, microfluidic devices, and so on.
In this letter, we induced the microstructures in the interior of silicon wafers using a femtosecond laser at 800 nm. When the femtosecond laser beam was focused inside the silicon wafer by a small numerical aperture ͑NA͒ lens, a 5 m diameter microchannel with circular cross section formed inside the wafer, which was accompanied with surface damage. Because the photon energy of the laser is above the 1.1 eV bandgap of silicon, the photoinduced microchannel should be attributed to the microexplosions due to both the linear absorption and avalanche ionization.
We performed our experiments on 3-mm-thick silicon wafers that were cleaned in an ultrasonic acetone bath, followed by a methanol bath. The laser source was a Ti:sapphire regenerative amplifier ͑Coherent, RegA9000͒, which delivered a train of 800 nm, 120 fs laser pulses at a repetition rate of 250 kHz. The laser beam was focused inside the silicon wafer via a 5ϫ microscope objective ͑Nikon, NA = 0.15͒. The focused spot size of the laser beam was estimated to be ϳ10 m. The sample was placed on a computer controlled three-dimensional translation stage that was mounted on a microscope system. The laser fluence was varied by a variable attenuator. The damage lines with a 100 m period were produced by translating the silicon wafer at a constant velocity in the plane perpendicular to the laser beam. The morphology of the photoinduced microstructures was characterized with scanning electron microscopy ͑SEM͒. The silicon surface perpendicular to the scan direction was polished to observe the channels inside the silicon wafer.
First, the laser beam was focused at ϳ20 m below the silicon surface. The scan velocity of the laser and the laser fluence were set at 3000 m / s and 0.45 J / cm 2 , respectively. After irradiation with the laser pulses, a groove formed on the silicon surface. Figure 1͑a͒ illustrates the top-view SEM micrograph of the photoinduced microstructures on the silicon surface. The ablated debris was deposited on both sides of the groove. Figures 1͑b͒ and 1͑c͒ illustrate the side-view micrographs of the polished side surface, perpendicular to the laser scan direction. From Figs. 1͑b͒ and 1͑c͒, we can see that microchannels with 5 m diameter formed at ϳ20 m below the surface of the silicon wafer. The interior surface of the microchannels is rough and there is some debris in the microchannels.
Similar microchannels have been fabricated inside transparent materials 10, 17 and the silicon wafers with grown SiO 2 films, 18 in which the microchannels could be induced inside materials by multiphoton absorption although materials are transparent to the 800 nm femtosecond laser. Usually, the 800 nm femtosecond laser is only used to induce surface microstructures of silicon due to the linear absorption of silicon at the wavelength of 800 nm. Our results show the possibility of three-dimensional microfabrication inside silicon using 800 nm femtosecond laser pulses.
In transparent materials as glasses, it is difficult to fabricate circular sectional microchannels by femtosecond laser radiation when samples are translated perpendicularly to the beam propagation direction. 6, 8 Such microchannels could be induced by increasing the NA of the focal lens 8 or translating the sample along the beam propagation direction. 6 Our experimental results show that circular sectional microchannels could be easily induced inside silicon even using a microscope objective with NA of 0.15.
Then, we studied the formation of the microchannel by setting the scan velocity at 1000 and 200 m / s, respectively. The surface damages shown in Fig. 1͑a͒ were observed on both samples. Figure 2 shows the side-view micrographs of the induced microchannels inside the silicon wafers for different scan velocities. From the side-view SEM micrographs, we can see that when the scan velocity was decreased from 3000 to 1000 and 200 m / s, the size of the cross section in the horizontal direction for the photoinduced microchannels increased from 5 to 6 and 7 m, respectively, while the size in the vertical direction increased from 5 to 8 and 10 m, respectively. With the decrease in the scan velocity, the aspect ratio of the microchannel cross section increased, and the cross sectional shape of the microchannels became ellipse. This is probably because the silicon's linear absorption confined the penetrative depth of the laser pulses. For the slower scan velocity, more laser pulses were accumulated at each position. The first arriving pulses could induce a cavity that could make the following pulses penetrate further into silicon and ablate more silicon in the laser propagation direction.
In our experiments, the microchannels shown above were observed by polishing the sample to a random position. Therefore, we believe that the microchannels have a good level of continuity. Usually, the ablated debris that is redeposited in the microchannels might cause a block in the channels, as that in glasses. We expect that the ablated debris in the microchannels could be removed by water and other solvents assisted ablation with femtosecond laser pulses. 17 The formation of the microchannels could be explained with the following microexplosion model. 9, 19 Initially, the laser pulses created a hot, high-density electron plasma in the focal volume, which transferred its excess energy to the lattice. The focal volume was heated to a high temperature. The rise in temperature at a constant volume caused immense pressure, which forced material from the center of the explosion outward. During cooling, the material did not anneal and denser phase was frozen in. Therefore, a cavity, surrounded by a region of compacted material, was formed in the microexplosion, while some debris was deposited in the microchannels.
Usually, the inner structures created in glasses using 800 nm laser pulses and in silicon using 2.4 m laser pulses result from nonlinear absorption, which may be different from the mechanism of the microchannels induced inside silicon by 800 nm laser pulses. Because the photon energy associated with the 800 nm light was above the bandgap of silicon, the microexplosion could be initialed by one-photon absorption. It has been proved that the inner structure can be induced even through the one-photon process. 20 In addition, the nonlinear processes, such as two-photon absorption 21 and avalanche ionization, 22 could become dominant in laser absorption processes for ultrafast above-gap radiation in silicon. Therefore, we conclude that the microexplosions due to both the linear absorption and the nonlinear processes should be responsible for the photoinduced microchannel.
In conclusion, we have induced 5 m diameter microchannels with circular cross section in the interior of silicon wafers by 800 nm femtosecond laser pulses even though the wavelength is in the linear absorption region of silicon. The aspect ratio of the microchannel cross section increases with the decrease in the scan velocity of the laser. The formation of the microchannels can be explained with the microexplosion model. The microexplosions might be driven by both linear and nonlinear processes. Our results have showed the possibility of three-dimensional fabrication inside silicon using 800 nm femtosecond laser pulses. 
